Single electron background signals with millisecond timescales are known to follow ionizing events in liquid/gas xenon emission detectors. Due to the long timescale, these signals can present a limiting background to the low-energy threshold of dark matter searches, and prevent discoveryclass searches for MeV scale hidden sector dark matter. A systematic study reveals a fast (τ1) and slow (τ2) component to the background. The fast component is compatible with electrons which were trapped at the liquid surface, and can be reduced by increasing the electric field. However, the slow component increases linearly with electric field. Hypotheses for the origin of the effect are discussed, and techniques for mitigation are suggested.
I. INTRODUCTION
Liquid xenon emission detectors [1] [2] [3] have proven extremely useful for rare-event searches, such as for galactic dark matter. They are a variant of the time projection chamber in which ionized electrons are drifted to the liquid-gas interface under the influence of an applied electric field E l . There, the electrons are extracted, drifted through the gas and amplified via proportional scintillation. This technique can easily provide sensitivity to single electrons. It has been known for decades that the bulk of the electron emission from the liquid into the gas proceeds in a time t 1 ns, and that there also exists a field-dependent component of the emission with τ 0.1 ms [4] . A widely accepted interpretation is that this is due to thermalization of electrons at the interface [5] .
In a search for low-mass dark matter, the XENON10 Collaboration identified a single electron background which they referred to as an "electron train," with a time scale at least as long as the putative thermalized component [6] . This background is thought to have been responsible for a significant number of the one, two and three electron signals reported in that analysis. A similar background was observed in ZEPLIN-III [7] , therein referred to as 'spontaneous' single electron signals, due to the lack of apparent time correlation with preceding events. More recently, dedicated studies [8, 9] confirmed that indeed the spontaneous signals are timecorrelated, and continue for many miliseconds after the primary event.
There is great interest in mitigating this background. It is a potential irritation in the analysis of dark matter search data from instruments such as LUX [10] or XENON1T [11] , where it can complicate the classification of low-energy events. It greatly diminishes the discovery potential of these detectors in low-mass dark matter searches [6, 12] , or MeV-scale hidden sector dark * pfsorensen@lbl.gov matter searches [13] [14] [15] . Recognizing this, the proposed U A (1) experiment [16] aspires to deploy a 10-kg scale liquid xenon emission detector, free from electron train backgrounds.
In this article we report results of R&D towards that end, from a systematic study of electron trains in a small liquid xenon emission detector. The data clearly show two components τ 1 and τ 2 in the electron train, the faster of which (τ 1 ) can reasonably be interpreted as the initially un-emitted (thermalized) electrons. However, the slower component (τ 2 ) is not at all consistent with this hypothesis. Instead, it may be due to fluorescence photons which then photo-ionize impurities in the liquid xenon.
II. EXPERIMENTAL DETAILS
The test bed used to obtain these results was configured with a 50 mm diameter wire grid cathode and planar, segmented anode. The stainless steel wires had 100 µm diameter and were spaced on a 2 mm pitch. The anode and the cathode were located 5 mm apart, and ∼ 650 g of liquid xenon were introduced, until the liquid level was about 4 mm above the cathode. An electric field E l was applied in the z direction by biasing the cathode to a voltage −V , and holding the anode at ground. Electrons resulting from ionizing radiation were thus drifted toward the anode, and extracted across the liquid-gas interface. The value of E l contains a systematic uncertainty of ±0.4 kV/cm due to uncertainty in the liquid xenon level. This relationship is described in the Appendix. This uncertainty does not affect the basic results, but should be born in mind when comparing against other measurements. Aqueous 210 Po (as PoCl 4 ) was evaporated on a single section of a single wire, in the center of the cathode. The literature does not discuss spontaneous deposition of polonium onto stainless steel [17] , however, we found it to be robust against dissolution in liquid xenon. The source spot size was such that alpha particle signals only appeared on the charge preamplifier arXiv:1711.07025v2 [physics.ins-det] 13 Dec 2017 connected to the central, 6 mm diameter anode pad. This arrangement was made in order to mitigate the effects of electric field fringing near the edges of the active region.
A single Hamamatsu R8778 VUV-sensitive photomultiplier was installed 10 mm below the cathode grid. The photomultiplier was biased to the recommended maximum -1500 V, resulting in easily recognizable single photoelectron pulses and a gain of 1.9 × 10 7 . Voltage records of ionizing radiation events were digitized at 14 bits with 125 MHz sampling and a 20 MHz low-pass filter, with an event duration of 1 ms. Typical events contained both a primary scintillation pulse (S1) and a secondary, proportional scintillation pulse (S2) caused by extracted electrons. The S2 signal was verified to be extremely linear, with the number of detected photons increasing as y = 10 * (V −1.9). A helium after-pulse (a photomultiplier artifact) was often evident 500 ns after the S1. The 5.3 MeV alpha particles result in an average 380,000 quanta (electrons and photons) in the liquid xenon, of which an electric-field-dependent 91.3% (lowest E l data point) to 81.6% (highest E l data point) appeared as 7.1 eV primary scintillation photons, with the remainder as ionized electrons. These signals were sufficient to saturate the biasing circuit of the photomultiplier, precluding an accurate measurement of the number of electrons present in the alpha S2. Despite this, (a) the alpha particle population was easily identifiable by its size and characteristic drift time (from the cathode), and (b) the number of electrons obtained from alpha particle pulses was measured separately with the charge-sensitive preamplifier.
During operation, the xenon was maintained at a vapor pressure of 1.5 Bar, with a cryostat temperature of 174 K. It was continuously circulated through a heated getter. The liquid was evaporated into the purification loop via a capillary, and the gas was separately purged into the purification loop via a sintered metal filter (to limit the purge rate). The xenon turnover time was about 6 hours, as measured by mass flow. About 2/3 of the flow rate was from the liquid, and the rest from the gas purge. The electron attenuation length was not measured during this experiment, but from comparison with previous experiments and measured charge yields in the literature, can be inferred to have improved to a few tens of cm over a week.
III. RESULTS AND DISCUSSION
Data were acquired at four values of E l , corresponding to V = [3, 4, 5, 6] kV. In each case, the population of 210 Po alpha particle events was isolated using simple, robust software cuts on the signal size of S1, S2 and the time delay between them. The waveforms were summed and the decay time of the electron train was obtained by fitting a linear function to y = log[Σ(α events)] over 40 µs (τ 1 ) and 500 µs (τ 2 ) regions, indicated by the extent of the fits in Fig. 1 (bottom) . The τ 1 fit region was chosen to begin 40 µs after the S2, to ensure fidelity of the (middle) A 210 Po alpha particle event record. (bottom) 400 summed alpha particle event records, low-pass filtered to more clearly illustrate the electron train.
photomultiplier signal. The number of single electrons in these regions were counted. Separately, the number of primary (prompt) electrons was measured with the charge sensitive preamplifier.
The fast (τ 1 ) and slow (τ 2 ) components were assumed to begin immediately after the primary event, and extend to infinity. The measured amplitudes a 1 and a 2 of each component were corrected for the sample window, and are plotted in Fig. 2 as a percent of the measured number of primary electrons. Two data sets are plotted for each value of E l : data points offset to the left of each E l were acquired shortly after condensing xenon into the test bed, and data points offset to the right of each E l were acquired a week later, when the liquid purity had improved.
The fast component a 1 decreases with increasing E l , suggesting that these are the thermalized, un-emitted primary electrons. This interpretation can be compared against (1 − κ), where κ is the electron emission efficiency (expressed as a percent). The parameterizations κ = [1 + exp(
−1 and κ = [1 + exp(1.14 * (−E l + 3.41))] −1 were fit to the data from [4, 18] . Assuming the measurements of [18] to be correct, it would appear that for E l < 7 kV/cm about half of the thermalized electrons are never emitted. This is consistent with capture by electronegative impurities before they can escape into the gas. On the other hand, the slow component a 2 increases linearly with increasing E l . This suggests an origin due to the number proportional scintillation photons, or due to the increase in electric field. A distinct reduction in the size of the slow component of the electron train is obtained by purifying the xenon. This suggests that at times t 5τ 1 , the single electrons in the electron train are due to ionization of impurities.
We also observe an increased rate of isolated single photons amongst the delayed electron signal. Some fraction of these photons are due to after-pulsing, a photomultiplier tube artifact. Controlling for this and the photomultiplier tube dark counts, delayed single photons seem to be present at a rate of about ×0.1 compared with the number of single electrons. However, because this test bed has no (x, y) resolution in it's scintillation detection, we cannot exclude the possibility that some of these single photons might be due to single electrons whose proportional scintillation yield was very low (such as near the edges of the active region).
An immediate hypothesis for the origin of this effect is that Teflon, which comprises the walls of the detector, is weakly fluorescent following exposure to ultraviolet photons. Teflon has previously been seen to fluoresce in the visible region; the decay time is not known [19, 20] . The fluorescence photons would then photo-ionize the impurities. It is also possible that either the xenon itself, or impurities within the xenon, are responsible for the fluorescence. It has been known for at least half a century [21] that liquid xenon scintillates in the vacuum ultraviolet, due to formation of excimers with ∼ 1 eV binding energy. Later work categorized (e.g.) the decay times of the singlet 1 Σ + u and triplet 3 Σ + u states [22] , which are a few to a few tens of nanoseconds. Data are sparse concerning bound states in heavy noble gas excimers, but additional higher-energy states are expected to be weakly bound [23] . These states would naturally be excited by the process of proportional scintillation. Again, the lifetimes are not known.
A final hypothesis is that the electron train is due to electron release from electronegative impurities. Impurities are well-known to capture electrons from the primary ionization event. The resulting negative ion then drifts slowly to the liquid-gas interface. It could release it's captured electron via collision, or tunneling. The former method of release is expected to have a timescale of about 10 seconds, which should not increase with increasing E l . On the other hand, the timescale for tunneling would likely decrease with E l .
We note that care must be taken with the interpretation of the measured decay constants τ 1 and τ 2 . In the limit of a static xenon fluid with perfect purity, τ 1 would be the thermalized electron emission time. In actuality, the value of τ 1 is likely shortened by the capture time of electrons by electronegative impurities. The value of τ 2 may be affected by a number of different variables, depending on which hypothesis is correct. For example, if Teflon is responsible for the fluorescence, it's preparation and purity likely influence τ 2 . If molecules in the xenon are responsible for the fluorescence, their flow velocity and the optical properties of the detector influence τ 2 .
Finally, it is worth reminding the reader that additional components may exist amongst the delayed electron pulses. These could possibly be resolved with longertimescale studies. A test bed capable of imaging the (x, y) location of single electrons might also return additional information. And, other classes of delayed electron backgrounds have been noted [9] , which are not studied in the present work.
IV. CONCLUSIONS
Delayed, time-correlated single electrons, also known as "electron train" backgrounds, in liquid xenon emission detectors show two distinct components. The fast component decreases with E l and appears to be due to thermalized electrons which were not emitted in the primary S2 signal. The slow component increases with E l and is consistent with several hypotheses, as discussed in the preceding section.
Previous suggestions for mitigation [24] are relevant to the τ 1 component, and therefore would not be sufficient for informing the design of discovery-class liquid xenon emission detectors for MeV-scale hidden sector dark matter. The present work suggests that regardless of the origin of the τ 2 component, an immediate steps towards mitigation of this background is to improve the xenon purity. A future work will attempt to identify the exact origin of this effect, by (1) removing Teflon from the detector construction, and (2) investigating the effect of impurity dopants. 
APPENDIX
For a fixed distance d between cathode and anode, and a liquid height h < d, the electric field applied in the liquid is given by E l = g V /( l d + ( g − l )h), in which l = 2 and g = 1 are the long-wavelength limit of the dielectric constants of the liquid and gaseous states. As required by continuity the electric field in the gas is E g = l E l . Near the cathode grid wires, the electric field increases rapidly in strength. The field profile is analytical [25] , but cumbersome to write. Fig. 3 shows the field profile in the case V = 4 kV applied to the cathode, directly above one of the cathode wires.
There is some width to the distribution of drift times for alpha particles leaving the cathode, and this particular case is useful for comparison against those events with the shortest (cathode-consistent) drift time. The liquid level was estimated from the profile of E l , along with the measured electron drift time and known electron drift velocity in liquid xenon [26] . Uncertainty in this procedure is estimated to result in a systematic uncertainty of ±0.4 kV/cm, as indicated in the figures. 
